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Executive Summary
This project was sponsored by Clorox to design and create an automatic bottleunscrambling system for possible implementation at their bottling plant in Chile. The objective
was to use a robotic arm to unscramble bottles from an incoming conveyor belt and place them
upright on an outbound conveyor belt. Throughout the research, design, and testing of solutions
for this project, several design alternatives were found for each discipline, and will be presented
to Clorox so that they can make an informed decision for how and if they want to move forward
with implementation of this project.
The project was split into three main sections, based on the experience and discipline of
each KSU Team member. Peter Jacobs, Mechatronics Engineering Major, was assigned to the
robotic arm, as well as the general lab space setup. He was also the main coordinator between
the KSU Team and the Clorox Team. Preston Delaware, Computer Engineering Major, was
assigned to the machine vision. Ryan Foster, Mechanical Engineering Major, was assigned to
the mechanical alignment of bottles as well as gripper design and fabrication.
For this project, a custom mechanical alignment system was designed and implemented.
Using a combination of gravity-fed chutes and compressed air, this design was 100%
successful at aligning the incoming bottles along the primary axis of the bottle and parallel with
the length of the conveyor at the bottle rate specified by Clorox. A custom end effector was
designed, fabricated, tested, and refined for this application. This end effector was able to
successfully grip and release the bottles for this application.
This project was limited by the space and materials available to the KSU Team in the
lab, such as the robotic arm that was not designed for high-speed, pick-and-place operations.
Despite these limitations, the KSU Team was able to successfully implement a fully working
bottle unscrambling system, albeit at a slower speed than would be actually implemented by
Clorox.
The final achievement of note is the use of machine learning for the machine vision. The
speed requirements issued by the Clorox Team was a hinderance on what type of image
processing could be used. When a machine learning neural network was implemented, the
processing of bottle orientation was able to be done with much more speed and accuracy.
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Chapter 1: Overview
1.1: Introduction
The application of automation in industrial processes brings many benefits to
both companies and their workforce. Processes that involve repeated physical motions are
dangerous for human workers as they can lead to conditions such as tendinitis, carpal tunnel or
even hernias. An important advantage of using robots for manual labor tasks is to reduce
workplace injuries due to overuse from repeated tasks. Additionally, robots do not get sick, they
do not tire, and they can operate in conditions that would be dangerous or even fatal to humans.
In this interdisciplinary senior design course, a team of students from different
engineering disciplines have been tasked by The Clorox Company to use an industrial robotic
arm to automate the process of detecting bottles scattered on a conveyor and orienting them
upright on a separate outbound container. This process is currently performed in a Clorox
manufacturing plant in Chile in two eight (8) hour shifts with two human workers per shift. The
workers can be reallocated to more complex tasks that will provide more value to the company.
This process is repetitive and simple in nature which makes it an excellent opportunity for
automation.
Mechanical systems exist that solve this problem, but they are expensive and large.
Clorox hopes to utilize a robotic arm to create a more cost-effective, compact system that
provides flexibility if the process should ever change.

1.2: System Overview
Clorox has tasked the Kennesaw State University team with creating an automatic
robotic-arm bottle unscrambler. Bottles come down a conveyor belt scrambled. They need to be
grabbed by a robotic arm and aligned uniformly on an outbound conveyor. A Jetson Nano SBC
has been selected for image processing for machine vision, and a passive mechanical
alignment method for directing the incoming bottles is used. A custom end effector was also
created to pick and place the bottles. Figure 1 is a system block diagram showing the major
showing the major components of the system and how they interact.

Figure 1: System Block Diagram
Figure 2 is a high-level 3-D model outlining each major component of the system.
Specific details of the design of each component are described in subsequent chapters.

Figure 2: The major components of the system

1.3: Objective
The goal for this project was to take an incoming stream of scrambled bottles and
position them upright and uniformly on a separate outbound conveyor via an industrial robotic
arm. A simple mechanical alignment mechanism was installed on the inbound conveyor to
rotate the bottles so that they are oriented one of two directions on one axis. A program was
written to use a Raspberry Pi camera for machine vision that detects the orientation of the
bottles on the inbound conveyor and send this information to the PLC which controls the
position of the robotic arm. A custom designed end effector was also used to pick up the bottles
and transport them to the outbound conveyor. A stopping device was also installed on the
outgoing conveyor to simplify and decrease the amount of space and time that the robot needs
to move through. This increased the overall speed of the bottle-unscrambler system.

1.4: Justification
This project is being completed because previously used mechanical systems to
unscramble bottles are either too large or too expensive for this location in the manufacturing
plant. Other options were considered for this project, such as a full mechanical alignment
method via a series of conveyors and a Posimat Bottle Unscrambler. Both of these options
would take up too much floor space in the plant and are not ideal. Using a robotic arm with
machine vision uses the least amount of space and is cheaper to implement.

Chapter 2: Literature Review
2.1: Literature Review
Several scientific papers were reviewed to determine the best method for machine
vision. Students from the School of Mechanical Engineering in Jinan, China wrote a report1 that
details a process implemented to process images using Python’s OpenCV package. To
summarize, these images are converted to HSV space, denoised, and then the coordinates of
the objects are analyzed. These coordinates can be used by the robot to pick up the objects.
For this project, these series of calculations to process the images is too computationally heavy.
There will be an incoming video feed to the Jetson Nano at about 30 FPS, and this speed needs
to be kept high due to the speed criteria requested by the Clorox team.
Another method of computer vision that has been used is 6D Pose Estimation, which
consists of the 3-D orientation and 3-D translation. In a study2 where this was used, the
researchers used a point cloud to isolate the objects in the images. However, due to the sensor
set-up required for this method, it did not seem to be a viable option for this project. The
computer vision for this project needs to be fast and robust enough for an incoming stream of
bottles.
The final machine vision system reviewed was a student project completed at Drexel
University3. These students used an off-the-shelf image sensor and an Arduino Mega 2560 to
control a robot that was picking up items from an incoming conveyor belt. This seemed like a
very good analogy to our project. However, since we did not decide to go with an off-the-shelf
image sensor, a different system had to be devised.
After deciding on using the Jetson Nano from Nvidia, a tutorial was found, designed to
get a beginner started with AI Object Classification and Detection on the Jetson Nano. These
steps are detailed on the GitHub Dusty-NV/Jetson-Inference4. After studying this tutorial and
seeing examples of the image detection algorithm in action, it was determined that this was the
method we would continue to use for the duration of the project.
There are several ways to accomplish bottle alignment. The Clorox engineering team
has indicated that the most common solution is the use of an industrial bottle unscrambler.
Posimat is the company that the Clorox company most commonly uses for this application as
shown in Figure 3:

1

Zhang, W., Zhang, C., Li, C., & Zhang, H. (2020). Object color recognition and sorting robot based on
OpenCV and machine vision (pp. 125–129)
2 Hajari, N., Bustillo, G. L., Sharma, H., & Cheng, I. (n.d.). Marker-Less 3-D Object Recognition and 6d
Pose Estimation for Homogeneous Textureless Objects: An RGB-D Approach (pp. 1-22, Tech.).
3 Chiou, D., & Sowmithran, S. (n.d.). Vision-based Object Tracking Experiment for Students to Perform
Simple Industrial Robotic Automation(pp. 1-12, Tech.).
4 GitHub. 2016. dusty-nv/jetson-inference. [online] Available at: <https://github.com/dusty-nv/jetsoninference> [Accessed 2021].

Figure 3: Posimat Bottle Unscrambler5
The Posimat system utilizes rotational forces to align the bottles. Other manufacturers
include Kaps-All as shown in Figure 4.

Figure 4: Kaps-All AU-6-E Bottle Unscrambler6

5
6

Posimat, "Unscramblers.", Posimat
"AU-4 Compact Unscrambler.", Kaps-All Packaging Systems Inc.

This unscrambler also utilizes rotational forces in the stainless-steel pre-feeder to
properly orient the bottles.
According to the Clorox engineering team, these bottle sorters are very effective, but
there are two major drawbacks: these systems take up a large footprint on the manufacturing
floor, and they are very expensive.7 Therefore, the Clorox engineering team has tasked the
Kennesaw State University team with developing a system using a robotic arm and machine
vision system. This proof-of-concept project will enable the Clorox engineering team to assess
the viability of this system for their industrial applications.8
The robotic arm system will need an end effector to pick up the bottles. According to
Bouchard, “End effector is a generic term that includes all the devices that can be installed at a
robot wrist. Synonyms of end effector are end of arm tooling (or EOAT), robot peripherals or
robot accessories.”9 For this project, the term “end effector” will be used. Columbia/Okura LLC,
a Washington-based robotic integrator, lists clamps, forks, fingers, and suction cups as the most
common types of end effectors.10 There are also custom configurations that combine multiple
types. Liang et al. created an end effector that utilizes both fingers and suction cups to create a
gripper that can grasp many different geometries.11 Researchers at Cornell University have
developed a system using a latex balloon filled with coffee grounds to create an end effector.12
The air is drawn out of the balloon which causes the coffee grounds to experience a phase
change and function effectively as a solid.12
For the design of the end effector, the motion of the bottles was broken down into two
major components: the curvilinear motion of moving the bottles from the incoming conveyor belt
to the outgoing conveyer belt and the motion of lifting the bottles. Additionally, the end effector
would need to be able to hold the bottles at a vertical orientation in order to release the bottles
on the outgoing conveyor belt. The dynamics analysis was done using the techniques described
by Meriam and Kraige and are discussed in detail in Appendix D.13
The end effector was designed to fit onto the end effector mounting hardware of the
robotic arm. Figure 5 is a picture of the mounting hardware for the robotic arm.

7

Pablo Bassi, The Clorox Company
Pablo Bassi and Ryan Lynn, The Clorox Company
9 Bouchard, Samuel, "Robot End Effector: Definition and Examples."
https://blog.robotiq.com/bid/53266/Robot-End-Effector-Definition-and-Examples
10 "Types of Robotic End Effectors.", Columbia Okura. https://columbiaokura.com/thoughtleadership/types-robotic-end-effectors-end-arm-tools/
11 Liang, Yi et al. "Design of a Flexible End-Effector for Logistics Sorting Robot."
12 "Universal Robotic Gripper." CornellCast. https://www.cornell.edu/video/john-amend-and-hod-lipsondemonstrate-robotic-gripper
13 Meriam, J. L., and L. G. Kraige. Engineering Mechanics: Dynamics
8

Figure 5: The end effector mounting hardware of the robotic arm
The dimensions of this hardware were obtained from the Kawasaki FS30L technical
documentation.14
For suction cups, the Clorox mechanical engineering team directed the Kennesaw State
University mechanical engineering team to utilize suction cup hardware by Piab Vacuum
Solutions. Piab provides literature that was used to select suction cups for this project.15 Details
of this selection process can be found in Chapter 6.6: Suction Cups.
The Clorox Company shared one of their bottle alignment concept designs with the
Kennesaw State University team:

14
15

Kawasaki Heavy Industries, Ltd., F Series Installation and Connection Manual
"Suction Cups – Piab." Piab Vacuum Solutions. https://www.piab.com/Products/suction-cups/

Figure 6: Bottle alignment concept by The Clorox Company (reproduced here with
permission)7
This concept was used to help develop the mechanical alignment systems, partially
inspiring the final incoming mechanical alignment system design.
The current lab setup is utilizing a Kawasaki FS30L robotic arm. While this arm is useful
for manipulating objects in a large workspace, it lacks the speed needed for fast paced pick and
place applications. For this reason, Clorox has provided a couple alternatives to analyze and
see if they are suitable for this project. In looking for alternatives to the FS30L two factors are of
main concern: reach and payload of the arm. Weight and robustness are not as important as the
empty bottles are no heavier than 53 grams. The alternatives will be analyzed in further detail in
Chapter 4.1.
Delta robots are worth considering as the motors are stationary and do not have to
compensate for their own inertia. Consequently, the arms of the robot can be made more
lightweight since they only have to support the weight of the end-effector and payload. Because
of this, delta robots are suitable for many pick and place applications. This option is also
discussed in Chapter 4.

Chapter 3: Engineering Design Plan
3.1: Project Lifecycle
The project is organized around an incremental project management life cycle with some
iterative feedback. The project is broken down into four subsystems or deliverables: mechanical
alignment, end-effector development, machine vision methodology, and robotic interfacing.
These subsystems operate in series with each other so they all can be developed
independently. Thus the incremental lifecycle method. The KSU team also met regularly with
the course instructors and sponsor to receive feedback and suggestions. Thus the iterative
approach.

3.2: Requirements
The engineering team at Clorox provided two sets of success criteria: a set of primary
goals and a secondary set of optional stretch goals.
Primary goals:
●
●
●
●

Place and orient empty bottles on the outgoing conveyor.
60 BPM (bottles per minute) for 43 oz. sized bottles.
80 BPM for 24 oz. sized bottles.
5’ X 5’ system footprint.

Stretch goals:
●
●
●
●

The system can identify and reject damaged bottles or incorrectly sized bottles (i.e. if the
machine is in 24 oz. bottle mode it will reject a 43 oz bottle.
Placing rejected bottles in a designated area.
120 BPM for 43 oz. bottles.
160 BPM for 24 oz. bottles.

It has been proven that the robotic arm provided for the project cannot physically move
fast enough to meet the BPM metrics specified by Clorox (discussed in Chapter 4.4). The KSU
team informed the Clorox engineering team of these concerns. Clorox advised the Kennesaw
team to pursue the other stretch goals and focus on optimizing the end effector and image
processing method.
In meetings with the KSU team, the Clorox Company has provided more specific details
of the incoming bottles. For this project, it can be assumed that the bottles will be arriving one at
a time, and they do not need to be singulated, only aligned.7 This will affect the incoming
conveyor belt alignment design. It is also not necessary for the bottles to be rotationally aligned;
the bottles just need to be oriented along a single axis.16

16

Jeremy Wright, The Clorox Company

3.3: Gantt Chart/ Schedule
The Gantt chart (Figure 7) is broken down by discipline and includes a section for the
course presentations. The mechanical and computer vision areas of work are developed
independently. As the robotic cell needs an end-effector and a way to detect the bottles, most of
the work refining the kinematics of the arm was done after those systems were completed.
The major milestones for mechanical scope of work are the gripper assembly and
mechanical alignment assembly. These two are particularly important as the robotics work is
dependent on them. There was some back and forth between refining the end effector and
mechanical alignment systems and refining the robot routines so that they properly work with
each other.
Major milestones for computer vision were finalizing the image detection method and
implementation of the said method. There exist plenty of solutions to machine vision and object
classification, so research and testing was required to determine the best way to go about
solving this particular problem. Additionally, the machine vision is required to trigger the robot
routines. So, figuring how the code on the Jetson Nano will communicate with the PLC is crucial
for an autonomous solution.
The key deadlines for the robotics work are setting up the robotic cell and its peripherals,
communication between the subsystems, and refining the paths of the arm to optimize cycle
time and distance traveled. Setup of the cell included installing and powering the inbound
conveyor that Clorox provided; installation of the photoeyes, camera mount, and control box;
and programming/validating the safety features

Blipper Project
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Ryan Foster

100%

1/11/21

4/5/21

Gripper Design

100%
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2/8/21

Gripper Assembly (including part ordering time)

100%

2/8/21

3/1/21

Gripper Implementation

100%

3/1/21

3/15/21

Bottle Alignment Configuration Design

100%

2/8/21

3/15/21

Bottle Alignment Configuration Testing

100%

3/15/21

3/29/21

Bottle Alignment Permanent Design

100%

3/29/21

4/5/21

Peter Jacobs

100%

1/11/21

1/29/21

Preston Delaware
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Mechanical Engineering

Physical Lab Set Up
Machine Vision

100%

1/11/21

4/5/21

Finalize Image Processing Method To Be Used
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2/15/21

Write and debug code
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2/16/21
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Code Implemented & Analyzing Bottles
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Troubleshoot/Optimize Code

100%

3/22/21

4/5/21

Code Implemented to Reach Stretch Goals

100%

3/29/21

4/5/21

100%

1/11/21

4/5/21

Initialize Communication with Robotic Arm

100%

1/18/21

2/19/21

Connect Externals to Robotic Arm

100%

1/25/21

2/21/21

Robot Kinematics 50% Success

100%

3/1/21

3/14/21

Robot Kinematics 100% Success

100%

3/29/21

5/1/21

100%

1/11/21

4/26/21

Initial Design Review

100%

1/11/21

1/25/21

Preliminary Design Review

100%

1/26/21

2/22/21

In-Progress Review

100%

2/23/21

3/22/21

Critical Design Review

100%

3/23/21

4/12/21

Final Design Review

100%

4/13/21

4/26/21

Buffer Time

100%

4/5/21

4/25/21
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In-Class Presentation
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Figure 7: Gantt Chart
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3.4: Function Decomposition Diagram
The system is broken down into five primary functions. Receiving, detection, robotic
manipulation, out-flow, and user interface. The first four steps describe the physical flow of the
bottles and the user interface function describes the system’s status. The following diagram
provides a high-level system description:

Figure 8: Function Decomposition Diagram

3.5: Responsibilities
Each member of the team is tackling subsystems that relate to their major. Peter Jacobs,
the mechatronics student, worked on interfacing with the robotic arm, system communications,
the physical lab setup, and general project admin work. Preston Delaware, the computer
engineering student, focused on the image processing software and creating a system that can
detect the orientation of bottles quickly. Ryan Foster, the mechanical engineering student,
focused on the design and implementation of the end effector and the mechanical bottle
alignment method. Peter Jacobs is also acting as the team lead for the Kennesaw State
University team.

3.6: Resources Available
The following section describes the different categories of resources available to the
Kennesaw State University team.
Budget:
●
●
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$2000 student budget
○ For materials and tools; general lab development
$3000 administrative overhead

○

Budget for Dean’s office (no specific breakdown of how these costs were
distributed was able to be provided)17

Available Hardware:
●
●
●
●
●

Kawasaki FS30L Robot - Provided by KSU
○ Controlled by S7-1200 Siemens PLC - Provided by KSU
4ft conveyor section - Provided by KSU
Control box – Provided by KSU
6ft conveyor section - Provided by Clorox
24V power supply

Acquired Hardware:
●
●
●

Jetson Nano (purchased with the budget)
Raspberry Pi V2 Camera
5V relay board

Available Software:
●
●
●

17

SolidWorks 2020 - Provided by KSU
AutoCAD 2020 - Student Edition provided by Autodesk
Open source Python 3 packages

Dr. Margaret Lowder, Kennesaw State University
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Chapter 4: Robotics and Lab Setup
4.1: Proposed Solutions
There is a plethora of options when it comes to how to set up the overall system and
which type of robotic arm to choose. Clorox encouraged the team to design a system that
maximizes speed, accuracy, and reliability while minimizing cost and size. At the beginning of
this project, the KSU team designed a house of quality to quantify the importance of specific
requirements to the sponsor (Figure 9).

Figure 9: House of Quality
This table was presented and approved by the Clorox engineering team. From this, the
most important requirements are size of the design and precision of orientation.
Clorox had two vendors quote out solutions to the problem. The first vendor was an
Argentinian company called XPAK. In their solution they proposed to have the bottles
mechanically aligned one of two ways about their central axis. Some sort of detection and
actuation would occur to “sort” the bottles onto one of two conveyors depending on their
orientation. The conveyors would run parallel to each other along either side of a KUKA KR6
robotic arm. A photoeye would then detect the presence of the bottle and trigger the robot to
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place the bottles on the outbound conveyor located perpendicularly to the inbound conveyors.
The system is outlined in Figure 10:

Figure 10: Proposed Clorox Solution 118

The KUKA KR6 has a range of 1820mm which allows it to work in a large workspace. Its
joint specs are called out in Figure 11 and Figure 12:

Figure 11: Axis Data of KUKA KR619

18
19

Pablo Bassi, The Clorox Company
Kuka KR 6 R1820 Datasheet. Kuka Robotics, 5 Feb. 2021.
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Figure 12: Labeled Axis of KUKA KR619
The advantages to this solution is that it does not require machine vision to properly
oriented the bottles with the robotic arm. A photoeye or light curtain (Figure 13) could easily be
used to detect proper orientation of the bottles.
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Figure 13: Light Curtain Example Use20
The downside to this solution is that it involves a lot of shifting of the bottles, postalignment. This could be an issue once the bottle reaches the robotic arm. If the bottle is not
aligned exactly then it will not be orientated properly on the outbound conveyor and could cause
jams or not be positioned upright. Another downside is that this setup requires the robotic arm to
swing back and forth to either side of its workspace. However, the vendor has quoted that this
system is capable of sorting at the rates required by Clorox. The estimated cost, not including
tax, is as follows in Table 1:

20 “EZ-Array Series Measuring Light Curtain.” Banner Engineering, Banner Engineering,
www.bannerengineering.com/us/en/products/sensors/measuring-arrays/measuring-arrays-ez-arrayseries.html?sort=4.
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Table 1: XPAK Solution Cost7

Another proposed solution from a company called Roboris is to use two FANUC LR
Mate 200iD/7L arms suspended from a gantry to orient incoming bottles. Figure 14 provides a
visual for how the system would look:

Figure 14: FANUC LR Mate 200iD System Overview21
The system would utilize two integrated cameras and an encoder for the conveyor belt to
track and orient bottles. An advantage to this system in that the inbound and outbound
conveyors are side by side which allows for a faster processing time. Using cameras to see and
orient the bottles eliminates the need for additional equipment to preemptively align the bottles
before the robotic cell. While this does increase total cost, it reduces the overall system
footprint.
It is important to note that Roboris has not verified if the system is capable of sorting the
24oz bottles at a rate of 80 bpm. Another disadvantage to this system is that it is costly. The
quote is priced out at $142,528 + taxes for parts, installation, and commissioning.7

21

Pablo Bassi, The Clorox Company
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4.2: Robotic Arm Alternatives
In addition to the two robotic arms mentioned in the previous section, other alternatives
should be considered for pick and place application. An analysis and comparison will follow an
overview of the other types of robots.

4.2.1 Delta Robots
One of the most suitable types of arms or a pick and place application would be a
parallel, or delta, robot (Figure 15). This type of robot differs from a more traditional linear robot
in that the three arms are parallelogram links that are actuated from the base of the robot. This
allows for the lightweight arms to quickly and efficiently around its workspace.

Figure 15: Delta Robot22
They are commonly found in pick and place systems for low payloads as the arm
structure “reduces the weight within the arms and therefore provides very high acceleration and

“Gearboxes and Actuators for Delta Robots.” Delta Robots – Gearboxes and Actuators by
WITTENSTEIN - WITTENSTEIN North America, www.wittenstein-us.com/delta-robot/.
22
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speed capability.” They are mounted from the ceiling and work over the workspace. The
downsides to most delta robots are that, compared to series robots, they generally have a small
work volume and cannot lift heavy payloads (>8kg).23
The vast majority of delta robots only have three to four degrees of freedom. Three
rotational and sometimes one translational if the base is mounted on a rail or linear bearing.
This is unacceptable for the implementation of this project as the end effector needs to rotate
the bottles from a horizontal to upright orientation. However, the FANUC M-3iA/6A arm features
an articulating wrist that has three degrees of rotational freedom as shown in Figure 16.

Figure 16: M-3iA/6A End Effector24
It has a reach of 53”. Figure 17 and Figure 18 are excerpts from its datasheet. It is worth
noting that the joint speeds for the three primary axes are not available as no one axis causes
translational movement:

Industrial Robots.” IMPLEMENTATION OF ROBOT SYSTEMS, by MIKE WILSON, BUTTERWORTHHEINEMANN LTD, 2017.
24 FANUC M-3 IA 6A Delta Robot, www.fanuc.eu/il/en/robots/robot-filter-page/m3-series/m-3ia-6a.
23
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Figure 17: M-3iA/6A Joint Speeds24

Figure 18: M-3iA/6A Workspace Dimensions24
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The KSU team reached out to FANUC to get a quote on the base price this arm.
Unfortunately, FANUC did not respond to requests for a quote.

4.2.2 SCARA Robots
SCARA robots are quick, precise arms that are also commonly used for high-speed pick
and place applications. They feature a two-linked arm that rotates around a stable base.
SCARA robots are articulate in the X and Y planes but are generally fixed in the Z-direction. A
prismatic joint is incorporated at the end effector to allow for manipulation of objects in the Zaxis. Figure 19 displays the general setup of a SCARA robot.

Figure 19: General SCARA Configuration25
Comparatively, SCARA robots are cheaper than Delta or Cartesian robots, but they have
smaller work volumes and do not allow for rotation of the end effector26. Therefore, they were
not considered as a valid solution for this project.

“SCARA Robots.” FANUC, FANUC, www.fanuc.eu/de/en/robots/robot-filter-page/scaraseries/selection-support.
26 “SCARA Robot: FANUC SR-12iA 4-Axis SCARA Robot: FANUC America.” FANUC, FANUC,
www.fanucamerica.com/products/robots/series/scara/sr-12ia-scara-robot.
25
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4.3: Layout and Hardware
One of the main requirements of this project is to build a working prototype in the
provided KSU lab space. The area provided is approximately 11ft x 11ft. Previously existing in
this space is a Kawasaki FS30L robotic arm and a 4ft conveyor fixed to a large table. Clorox
provided a 6ft conveyor that was placed in front of the arm. See the following figure for the full
system overview.

Figure 20: KSU System Overview
The FS30L robotic arm is programmed through a Kawasaki Series C teach pendant
which communicates through five I/O pins from the robot controller to a S7-1214C PLC in the
electrical cabinet. An additional three pins were added to allow for external 24V sensors and
inputs to dictate routines. These components were used because they were already installed
and working in the lab. Figure 21 is a picture of the complete KSU lab setup.
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Figure 21: KSU Lab Setup
The KSU team decided to use two NPN photoeyes to monitor system status by placing
them at the end of each conveyor, looking across the belts. NPN photoeyes were used simply
for their availability. PNP photoeyes would also be acceptable as the PLC inputs could be
configured to accept either sinking or sourcing signals. The team simply used a 24V relay to
source the NPN signal to the supply voltage (Figure 25) to avoid any configuration issues. The
inbound photoeye is one of the three triggers to execute a robot routine. Both photoeyes are
used to keep track of how many bottles have been successfully processed or rejected.

Figure 22: NPN to Source Signal
A steel control box was provided to the team by the lab to contain all major electrical
components outside the robotic electrical cabinet (Figure 23: Control Box). The control box
contains a 24V power supply, an eight-channel 5V relay bank, and a 5V voltage regulator.
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Optocouplers also isolate the relays from the signal pins to prevent overcurrent from destroying
the Nano (Figure 24). On the exterior of the box the Jetson Nano, nine terminal blocks, and two
24V relays were installed on din rails. The terminal blocks acted as both buses for ground and
24V power as well as providing intermediate connection between the 5V relay signals and the
PLC for troubleshooting and maintenance purposes (Figure 25). Only two of the 5V relays were
used.

Figure 23: Control Box
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Figure 24: Relay Module Wiring Diagram - GENERAL27

“8 Channel 5V Optical Isolated Relay Module.” HandsOn Tech, handsontec.com/index.php/product/8channel-5v-optical-isolated-relay-module/.
27
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Figure 25: Mounted Terminal Blocks and 24V Relays
A constraint of this project is that the KSU team was limited to using the FS30L in the lab
space. This arm is a large, industrial robot that is frequently used for applications such as press
tending or autonomous welding28. A preliminary test was performed to determine if the robot
arm is physically capable of reaching the metrics that Clorox provided. A general sequence of
movements to process a bottle was programmed into the arm. The z-axis position of the end
effector relative to the base of the robot was plotted against time for several cycles. The results
of the preliminary test are found in Appendix D and were communicated the Clorox engineering
team. They instructed us to continue with the project and optimize the routine wherever possible
to reduce cycle time.
The same test was run with a more refined routine and the final version of the outbound
alignment setup (Figure 64) near the end of the project to compare the two (Figure 26).

“Kawasaki FS30L.” Eurobots, Kawasaki, www.eurobots.net/kawasaki-robots-fs30l-c-control-p106en.html.
28
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Figure 26: Position of End Effector vs Time
The time for each cycle averages to 3.9 seconds. This test was run at 95% max speed
so the fastest cycle time for this routine would be 3.7 seconds. We also measured how long the
grasping, transporting, and releasing stages of the routine took. The transporting stage took the
longest at 2.6 seconds or 67% of the total cycle time. The grasping and releasing stage took 0.8
seconds and 0.4 seconds or 22% and 11% respectively. As the transportation stage takes the
longest to execute, emphasis should be on reducing the time of this stage as much as possible
for industrial application. From this test we can confirm that the FS30L robotic arm is not fast
enough to reach the BPM metrics for this project.

4.4: Safety
Safety is of upmost concern in any industrial setting. Even more so when robotic arms
are used in autonomous applications. Unless safety features or sensors are installed then the
arm has no way of knowing what is in its workspace or when the safety of any personnel in the
area is compromised. The following section describes the safety features incorporated in the
KSU lab space.
The first line of defense in any robotic cell is a physical barrier. Many applications use
fencing to prevent any unauthorized access to the operating space of the robot arm. For this
proof-of-concept project, fencing was not necessary, so the team marked off the workspace with
signage and by blocking most of the space off with heavy tables and filing cabinets that were
available in the lab. Since the only people who are allowed in the space are those with
university lab safety training, the partial barrier is acceptable.
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The backup safety feature is the SZ-V floor sensor (Figure 27) mounted at the base of
the robotic arm. Whenever the system is online, this sensor will detect when any object or
person has entered the workspace of the robotic cell through a laser array on the floor of the
area. The floor sensor is pre-programmed to ignore existing obstacles such as the tables or
conveyors. If any new object is detected within approximately 10ft of the sensor while the
system is running, the robotic arm will slow down to 5% of its speed. If any object moves within
8ft of the sensor, then the system will E-stop and will require a reset.

Figure 27: SZ-V Floor Scanner29
Additionally, the HMI features system status lights that indicate if the system is online or
not as well as a warning light for system safety stops (Appendix E). There is a light tower on the
control box to indicate system status (Figure 28). Red indicates the system is online. Amber
indicates the system is enabled. Green indicates that the system is moving.

29

“Safety Laser Scanner.” KEYENCE, www.keyence.com/products/safety/laser-scanner/sz-v/.
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Figure 28: Light Tower Mounted on Control Box
The system can only be enabled from the PLC which isolates control of the system. The
electrical cabinet has system status lights that will also display if the system is on and if the joint
motors are energized (Figure 30). The teach pendant also has an E-stop button on it and is on
hand during every operation. The following figure shows all safety features as they are in the
system layout:
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Figure 29: Safety Features in System
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Figure 30: Electrical Cabinet Status Lights
The risk of accidental/ unauthorized start up is minimized as the steps required to trigger
routines on the robot are involved and specific inputs are sent when the Jetson Nano runs a
python script and outputs signals dictated by the machine vision feed. The Jetson is password
protected so no unauthorized people can run the script. The complete ladder logic used to
trigger the system can be found in Appendix E.
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The system complies with the following standards from ANSI+RIA R15.06-2012 safety
standards for Industrial Robots and Robot Systems30:
•
•
•
•
•
•

10.2.2: The system must have non-mechanical limiting devices capable of
stopping robot motion at maximum speed and load.
10.4.6: Any safeguarding devices shall be integrated into the safety stop circuitry.
10.8: Safeguarding personnel during program verification must be of the highest
priority.
10.9: The user of the robot system shall ensure that safeguards are established
for each operation associated with the robot system.
10.10: Personnel that maintains the robot system shall be safeguarded from
injury due to hazardous motion.
10.11: Following the installation of safeguarding devices, the system shall be
tested and verified to ensure an adequate level of safety has been achieved.

4.5: Robotic Cell Conclusions
The three main components of a robotic cell to be considered are the type of robotic
arm, the installation of the arm, and the layout of conveyor.
The specs to be considered in robot arm selection are the size, speed, precision, and
cost. There is always a tradeoff between cost and the rest of the variables. Reduction in cycle
time is the key. Increasing speed is the most important variable as precision can be
compensated for by using mechanical alignment to ensure the bottles interact with the robot
arm in the same location and orientation every single iteration. For pick-and-place operations,
the size/reach of the robot can be decreased as the orientation of the conveyors can be
manipulated to move the bottle pick up and drop off points close together. If the robot can
operate from a gantry above the conveyors, then this can potentially reduce the footprint of the
system even more. That is, if the supporting infrastructure does not require a large anchoring
area.
Main learning points:
•

•

•

Processing speeds of vision systems are exponentially faster than physical systems.
o The speed of the robot arm will be the limiting factor.
o Minimize the distance from the start point to the endpoint and maximize the
speed of the arm.
Bottles are subject to vibration. If they are mechanically aligned, and later picked up by a
robotic arm, precautions must be in place to ensure that the bottle ends up in the exact
position that the arm expects it to be.
o Use photo-eyes or laser arrays to check for misalignment in the system.
Vision systems can eliminate the need for mechanical alignment in a more integrated
way but are much more costly.

“Department of Labor Logo UNITED STATESDEPARTMENT OF LABOR.” Robotics - Standards |
Occupational Safety and Health Administration, www.osha.gov/robotics/standards.
30
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Due to the lack of information on specific aspects of systems, the analysis will consist of
a pros and cons list (Table 2).
Table 2: Robotic Arm Analysis
Robot Arms
KUKA KR6

Pros
•
•
•

LR Mate
200id/7H

•
•

FANUC M3iA/6A

•

•
•
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•
Fast - vendor
confirmed metrics
achievable
Simple - no vision
system required
Cheap - solution
priced at $92,600

•
•

•
Compact - robot
arms on gantry
above conveyor
Integrated vision
system - no
mechanical
alignment needed

•

•
Fast - delta robots
are capable of
reaching speeds
much greater than
series robots31
Very compact single arm mounted
above conveyor
Integrated vision
systems available

In the case of most industrial-grade robots
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Cons

•

Not compact - two conveyor lines add
up to larger footprint
Large sweeping movements from the
robot - more wear and tear
Bottles should be aligned along the
direction of the conveyor. Less chance
for misalignment
Vendor has not confirmed system can
reach metrics
Expensive - solution priced at $142,528

Expensive - delta robots are priced
much higher than cartesian robots31
Vendor has not quoted a solution

Chapter 5: Machine Vision
5.1: Design & Justification
The machine vision was programmed in-house by the KSU team and will utilize a Jetson
Nano Developer Board and Raspberry Pi V2 Camera. Several methods of machine vision were
analyzed such as image processing with edge detection, color tracking, and dilation/erosion to
determine which would be most suitable for this application. The general method was to convert
the image to HSV color space, convert it to grayscale (Figure 31), isolate the bottle in the image
(Figure 32), assign each pixel a coordinate value, determine which side of the image had more
bottle pixels (this would be the bottom of the bottle), and then from this output which way the
bottle is facing (Figure 34). This process is detailed step-by-step in the photos below.

Figure 31: HSV image converted to grayscale
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Figure 32: HSV image with mask applied

Figure 33: Erosion of small groups of pixels
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Figure 34: Final image with calculations of pixels complete.
The “center of mass” of bottle pixels is noted by a magenta star. The center of the
center-line is noted by a cyan circle. By subtracting the location of the magenta star from the
location of the cyan circle, the bottle direction can be determined.
While these image processing techniques are good for locating an object in an image,
this is unworkable for our purposes. Above all else, the machine vision for this project needs to
be fast, because it will be detecting items on a moving conveyor belt. With a live video feed at
30 FPS, an image processing technique such as the one above is too computationally heavy to
perform on every frame of video.
The other type of machine vision available, without using an off-the-shelf object detector
for industrial applications, is an AI machine learning algorithm. This was implemented using
Nvidia's machine learning libraries created for use with the Jetson Nano. One hundred pictures
were taken for each type of bottle that will be encountered by the machine vision system (Figure
35).
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Figure 35: Bounding box being applied to train the AI
When testing this method, it was found that the program was able to correctly
differentiate between left-facing and right-facing bottles, and it operates between 35-40 FPS
(Figure 36). This is ideal for our application and was used for the project. It should be noted that
although the AI is recognizing the bottle on the right twice, this is not a problem for our
application. The robotic arm will only be picking up one bottle at a time, and so the program only
needs to know the orientation of the next bottle. Duplicate bottle recognitions are ignored by the
program.
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Figure 36: AI detecting the correct orientation of the bottles
As a final analysis of which image processing method to use, a decision matrix was
created (Table 3). This clearly shows that the AI / Machine Learning method significantly
outperforms the other image processing methods for this project.
Table 3: Trade study for machine vision system
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5.2: Implementation
The trained neural network was loaded with more training data, and retrained so that it
correctly recognized each bottle type and orientation. This trained network was then saved so
that it could be accessed and used by a custom Python script that detects the incoming bottles
and then generates an output. The output generated uses the GPIO pins of the Jetson Nano
(Jetson), which sends a binary signal to the PLC so that it can execute the correct routine for
that type of bottle. The first signal (most-significant bit) simply tells the PLC that a bottle was
detected. The second and third signals identify the type of bottle and its direction. The binary
code is as follows:
0XX………….No bottle detected
100……....43oz left-facing bottle
101……..43oz right-facing bottle
110……....24oz left-facing bottle
111……..24oz right-facing bottle
These GPIO signals sent from the Jetson are then sent to a set of three SRD-05VDCSL-C relay modules to increase the signal voltage to 24V (Figure 37).

Figure 37: Single Relay Module
From there the signals are routed directly to the PLC. The PLC uses basic conditional
programming commands based on the binary signals to execute one of four pre-programmed
routines (see Appendix E: PLC Code and HMI Layout)
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The camera is mounted above the incoming conveyor belt and connected to the Jetson
Nano (Figure 38, Figure 39, Figure 40). When the Jetson Nano detects a bottle, it outputs the
appropriate signal code above. This code is then sent through a set of relays to increase it to 24
volts, and is received by the PLC. The PLC then executes one of its 4 pre-programmed routines
to have the robotic arm pick up the incoming bottle and rotate it to the correct orientation, before
placing it on the outbound conveyor.

Figure 38: Bottom view of camera mounted above conveyor belt
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Figure 39: Top view of camera mounted above conveyor belt

Figure 40: Camera view of conveyor, with bottle detection
Additionally, because the vision system was able to detect bottles at about 35-40 FPS at
all times, some stability was designed into the code so that it would not mistakenly send signals
for an incorrect bottle. This was done by requiring the Jetson to detect the same bottle for five
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frames before it sends the correct bottle detection signal to the PLC. If the type of detected
object changes before five of the same object are detected in a row, it does not send a signal to
the PLC. Because of the high frame rate, this is a good tradeoff between speed and robustness,
because incoming bottles are detected in about 1/10th of a second.

5.3: Alternatives
The most obvious alternative to the Jetson Nano Neural Network Machine Vision
method, is buying and using an off-the-shelf Object Recognition Sensor, such as the O2D220
Sensor from IFM (Figure 41). This sensor can be programmed for a variety of machine vision
applications, such as pattern matching, orientation, position, counting and sorting.32 Most
notable for this project is the shape detection function, which could be programmed to recognize
the different types of bottles coming down the line.

Figure 41: O2D220 Object Recognition Sensor
The shape detection function could be combined with the orientation and position
functions of the image sensor to produce a real-time location map of the incoming bottles. Using
this, a delta robot such as the FANUC M-3iA/6A (see 4.2.1 Delta Robots) could be used to
unscramble the bottles with speed and accuracy, without the need for mechanical alignment.
This could be implemented in a variety of ways, but one way is to have an object recognition
sensor upstream mapping the location and orientation of the bottles, and then one or two robotic
arms mounted above the conveyor to orient the bottles uniformly on the outbound conveyor
(see Figure 14: FANUC LR Mate 200iD System Overview).

32

Homepage, & application. (2021). Vision sensors. Retrieved 22 April 2021, from
https://www.ifm.com/us/en/us/overview/vision/application/contour-pattern-matching
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This IFM sensor has a maximum reading rate of 20 Hz33, which is about the speed of our
system or slightly faster. With a list price of $1,042, it is quite a bit more expensive solution.
However, the additional detection features and the support available from their “group of
experienced electrical and mechanical engineers”34 make it a worthwhile alternative to consider.
Another alternative, which was one that Clorox proposed at the very beginning of this
project, is to implement a parallel conveyor belt arrangement, with no need for machine vision.
This would consist of mechanical alignment upstream that separates bottles on one axis, so that
they are either facing left or right. Bottles facing right would go on one conveyor, and bottles
facing left would go on a separate conveyor parallel to the first. One robotic arm in the center of
the conveyors would be activated by Photo-Eye Sensors that detect when a bottle is in the
correct position for pickup (see Figure 10: Proposed Clorox Solution 1).

33
34

id. O2D220.
id. Contact.

52

Chapter 6: Bottle Alignment & End Effector
6.1: Incoming Conveyor Belt Bottle Alignment
To reduce the computational time required by the machine vision system, the bottles
were mechanically processed to align the bottles along a single axis. Therefore, the machine
vision system only needs to identify if the bottles are oriented at a 0° or a 180° relative to the
axis.
The Kennesaw State University proposed the following design alternatives. These
designs have all been reviewed by the mechanical engineering staff at the Clorox Company.
They indicated that they would like all of these designs explored and tested as part of this
project. These designs were tested using physical experimentation.
The Kennesaw State University team used corrugated plastic to experiment with
different alignment geometry configurations. Corrugated plastic is a material that is sturdy
enough to align the (very lightweight) bottles while still holding its shape. It is not a permanent
solution but was used to test and optimize the designs before designing a permanent solution.
Figure 42 is a drawing of the first design alternative:

Figure 42: Alignment Pin Conveyor Belt Bottle Alignment Design
This design uses vertical pins suspended above the moving incoming conveyor belt
(suspension not shown). This would partially align the bottles to ensure that they do not get
jammed in the 2-D funnel. The 2-D funnel would then complete the alignment of the bottles.
After the alignment pin conveyor belt design was assembled, it was found that the
conveyor belt was not wide enough to ensure that a bottle did not hit an alignment pin
horizontally, causing the bottle to get stuck. Thusly, the alignment pins were replaced with
alignment flaps as shown below in Figure 43:
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Figure 43: Alignment Flap Conveyor Belt Bottle Alignment Design
The flaps were constructed so a bottle could not go directly horizontally into the funnel
without hitting a flap. Figure 44 is a picture of the assembled alignment flap design test. It
utilizes the alignment flaps and 2-D funnel to orient the bottles along a single axis.
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Figure 44: Alignment flap conveyor belt bottle alignment design test
Figure 45 shows a picture of the alignment flaps on the incoming conveyor belt. It is the
same experimental setup as Figure 44, but a different camera angle to display the alignment
flaps. The 2-D funnel is also visible from in this picture.
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Figure 45: Close Up of Alignment Flaps
This experimental setup was tested to determine the effectiveness of this design. Tests
were done by placing randomly oriented bottles onto the conveyor belt at the rate specified in
the design requirements. When tested, the following error occurred as shown in Figure 46:
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Figure 46: Alignment Flap Conveyor Belt Bottle Alignment Design Test Jam
This error was caused by the alignment flaps failing to properly rotate the bottles. The
flaps would push the bottles out of the way without rotating the bottles relative to the desired
axis. Instead, the bottles would translate relative to the conveyor belt. Then the bottles would
get stuck in the 2-D funnel. The motion of the conveyor belt then spins the bottle along the
bottles’ vertical axis instead of rotating the bottles to fit through the 2-D funnel. The success rate
of this design is discussed at the end of this section.
The Kennesaw State University team has also proposed the following alternative as
shown in Figure 47:
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Figure 47: Compressed Air Conveyor Belt Bottle Alignment Design
This design utilizes compressed air to direct the bottles into the 2-dimensional funnel.
The bottles have a low mass (the heaviest bottle is <55 grams);35 it has been experimentally
determined that an air compressor as small as a consumer hair dryer could be used to orient
the bottles. The KSU lab has a compressed air supply that was used for testing.
Figure 48 is a picture of the assembled compressed air design test shown in Figure 47.
It shows the modified 2-D funnel and the compressed air supplied by the lab.

35

This was determined by measuring the mass of the bottles provided by The Clorox Company.
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Figure 48: Compressed Air Conveyor Belt Bottle Alignment Design Test. The blue tube
on the left side is the compressed air

When tested, the following error occurred:
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Figure 49: Compressed Air Conveyor Belt Bottle Alignment Design Test Jam
This error was caused by the compressed air failing to properly rotate the bottles. After
the bottles passed through the compressed air, the bottles would tend to roll and become
misaligned. When the compressed air interacted with the nonuniform geometry of the bottles, it
failed to align the bottles in a consistent and predicable manner. Then the bottles would get
stuck in the funnel. The motion of the conveyor belt then spins the bottle along the bottles’
vertical axis instead of rotating the bottles to fit through the 2-D funnel. The success rate of this
design is discussed at the end of this section.
Because the previous two designs were found to be unsatisfactory, a third design was
developed as shown in Figure 50 and Figure 51:
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Figure 50: Top View of Ramp Conveyor Belt Bottle Alignment Design

Figure 51: Side View of Ramp Conveyor Belt Bottle Alignment Design
This design utilizes to cause the bottles to align before they enter the funnel. Once a
bottle reaches the end of the ramp, the moment created by the conveyor belt tips the bottles
over and they roll into position. If the conveyor belt fails to tip the bottle, the guard will provide
an additional force to tip the bottle.
Figure 52 is a picture of the assembled ramp design test. It shows the ramp, guard, and
2-D funnel.
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Figure 52: Ramp Conveyor Belt Bottle Alignment Design Test
This design was found to be effective for the 43 oz bottles but was ineffective when
tested on 24 oz bottles. Two error occurred. Figure 53 shows the first type of error that
occurred.

Figure 53: Ramp Conveyor Belt Bottle Alignment Design Test Jam
This jam occurred because the neck of the bottle is not as wide as the base of the bottle.
If a second bottle came in before the first bottle was fully processed, this jam could occur. To
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ensure that the bottles could not jam in this manner, the end of the ramp was raised so that the
bottles would fall into a slot that was too narrow for this jam to occur. The 2-D funnel was also
replaced with guide rails so that the bottles could not jam in this way after leaving the ramp as
show in Figure 54:

Figure 54: Ramp Conveyor Belt Bottle Alignment Design Test Jam Solution
The second type of jam is illustrated by Figure 55:

Figure 55: The Second Ramp Conveyor Belt Bottle Alignment Design Test Jam
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This jam occurred because a bottle would roll down the ramp and hit the conveyor belt in
front of the previous bottle. The bottles would then get stuck in the guard and the force of the
conveyor belt could not dislodge them. Two modifications were made to correct this problem.
First, a 2-D funnel was added on top of the ramp as shown in Figure 56:

Figure 56: Ramp Conveyor Belt Bottle Alignment Design Ramp Funnel
By forcing the bottles to all land in the same spot, this funnel decreases the chance that
a bottle will be able to fall in front of another bottle that is already traveling along the conveyor
belt. The second modification is the addition of compressed air that pushes the bottles along the
conveyor belt once the bottles have finished rolling down the ramp. Together, these
modifications ensure that the bottles cannot get ahead of each other.
Figure 57 and Figure 58 show the ramp alignment design with these changes included:
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Figure 57: Top View of Updated Ramp Conveyor Belt Bottle Alignment Design

Figure 58: Side View of Updated Ramp Conveyor Belt Bottle Alignment Design
One additional design modification was made. It was decided that it is not necessary for
the bottle guide rails to transport the bottles to the other side of the conveyor belt; it is a simpler
and better design if the guide rails are straight. Figure 59 is a drawing is of this design:
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Figure 59: Top View of Updated Ramp Conveyor Belt Bottle Alignment Design with
Updated Guide Rails
To decide which of these designs would be selected, the following benchmark test was
designed: each design would process three sets of twenty bottles at the BPM specified in the
requirements. The measure of goodness for this design is the Total Success Rate. This was
calculated using the following equation:
Total Success Rate =

Total Jams (Failures)
Total Bottles Processed (Successes)

The results of these tests are shown below in Table 4:
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Table 4: The Results of the Conveyor Belt Alignment Testing
Alignment Pins

Compressed Air

Ramp

Bottles Processed 1 (Successes)

20

20

20

Bottles Processed 2 (Successes)

20

20

20

Bottles Processed 3 (Successes)

20

20

20

Jams 1 (Failures)

2

5

0

Jams 2 (Failures)

5

6

0

Jams 3 (Failures)

3

9

0

Success Rate 1

10.0%

25.0%

0.0%

Success Rate 2

25.0%

30.0%

0.0%

Success Rate 3

15.0%

45.0%

0.0%

Total Bottles Processed (Successes)

60

60

60

Total Jams (Failures)

10

20

0

Total Success Rate

83.3%

66.7%

100.0%

These tests indicate that the ramp design is the best design for this project. A permanent
solution will be designed. It needed to be effective for both 24 oz and 43 oz bottles, so the 2-D
funnel and bottle guide rails needed to be adjustable to accommodate the different bottle sizes.
Testing has also been done to check if the design changes made to accommodate the
24 oz bottles negatively impact the 43 oz bottles with positive results. It was found that the
distance between the bottle guide rails is the only point of adjustment necessary for this design.
More rigorous testing of this final design was done. With the advice of the KSU lab
technician, James Hudak, the KSU team decided that if the system can successfully process
200 bottles in a row, the design is sufficient for a manufacturing environment.36 Therefore, that
was the metric that the design had to meet before the permanent solution is selected.
The design described above successfully met these benchmarks, indicating that the
design is sufficient.

36

James Hudak, Kennesaw State University
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6.2: Outgoing Conveyor Belt Bottle Alignment
Mechanical alignment was also designed on the outgoing conveyer belt to reduce the
cycle time of the robotic arm. This allows the robotic arm to operate with lower movement
tolerances and simplify the way the end effector must be oriented to pick up the bottles. The
Kennesaw State University team has proposed the following design as shown in Figure 60:

Figure 60: Outgoing Conveyor Belt Bottle Alignment Design
This design utilizes a 3-D funnel to align the bottles after they have been moved by the
robotic arm. This design has been reviewed by the mechanical engineering staff at the Clorox
Company. They have indicated that they would like it explored and tested as part of this project.
These designs were tested using physical experimentation and the same corrugated plastic as
the incoming conveyor belt designs.
This design was assembled for testing as shown in Figure 61.

68

Figure 61: Outgoing Conveyor Belt Bottle Alignment Design A
For this design, the KSU team decided that if the system can successfully process 100
bottles in a row, the design is sufficient. The design described above successfully met that
benchmark, indicating that the design is sufficient.
During the course of experimenting and testing the robotic arm system, the Kennesaw
State University engineering team came up with one additional outgoing conveyor belt
alignment design. Figure 62 shows this design.
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Figure 62: Outgoing Conveyor Belt Bottle Alignment Design B
Design B requires the robotic arm to be more precise when placing the bottle; this
increases the robotic arm cycle time. However, design B does not require the bottle to be lifted
to the top of the funnel, which decreases the cycle time. Overall, for the lab setup used by the
KSU team, it was found that Design B allowed the robotic arm to have a cycle time of about 3.7
seconds while Design A resulted in a cycle of 4.7 seconds, so it is the final design selected for
this project.

6.3: Mechanical Alignment Final Design
In lieu of building the final design, the Clorox Company indicated that the working plastic
model and a 3-D model of the final design with a bill of materials is sufficient for this proof-ofconcept project. However, SOLIDWORKS models of the mechanical alignment system were
created so that the final design could be implemented by the Clorox team in the Chile plant.
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Figure 63: The Model of the Permanent Incoming Conveyor Design
Figure 63 shows the SOLIDWORKS assembly model of the final incoming conveyor
design. Its geometry was determined by taking measurements of the working model created
and tested in the lab. The guide rails are adjustable to accommodate both bottle types.
Per the direction of the Clorox Company, mounting hardware was selected for use with
the conveyor belt provided by the Clorox Company and Kennesaw State University. It requires
drilling three additional mounting holes on the conveyor for extra stability of the hardware (these
holes are noted on the drawings). If this system is to be used with a different conveyor belt, then
the design will need to be modified. The bolts on the 2-D funnel are placed high enough that
they should not interfere with the movement of the bottles.
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Figure 64: The Model of the Permanent Outgoing Conveyor Design
Figure 64 shows the SOLIDWORKS assembly model of the final outgoing conveyor belt.
The Clorox Company has not provided specific details on the conveyor belt at the plant, so this
hardware is designed to the outgoing conveyer belt in the lab at Kennesaw State University.
Since the conveyor belt used by The Clorox Company is not known, the final design does not
include mounting hardware.
The following parts were selected for the permanent design of the conveyor system:
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(a)

(b)

Figure 65: Corner Machine Bracket (a) and Corner Bracket (b)
The brackets shown in Figure 65 were selected because they provide the strength
needed to create secure connections and are the right size for the geometry of the system.

Figure 66: Mounting Rod Bracket
This bracket shown in Figure 66 was selected because it is easily adjustable with the
included hardware and it is the right size for the geometry of the system. This point of
adjustment will allow the system to work with both 43 oz and 24 oz bottles.
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(a)

(b)

Figure 67: 5” Mounting Rod (a) and 15” Mounting Rod (b)
These mounting rods shown in Figure 67 were selected because they are compatible
with the selected mounting rod bracket and conveyor guide. Two different lengths were chosen
because the conveyor guide is not centered on the conveyor belt.

Figure 68: Conveyor Guide
This conveyor guide shown in Figure 68 was selected because it is large enough to
accommodate both types of bottles. Shorter rails would need to be adjusted vertically to switch
between bottle types.
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(a)

(b)
Figure 69: 3/8" Screw (a) and 1/4" Screw (b)

These screws shown in Figure 69 were selected to accommodate the corner machine
brackets and corner brackets.

(a)

(b)

Figure 70: 3/8" Nut (a) and 1/4" Nut (b)
These bolts shown in Figure 70 were selected to accommodate the corner machine
brackets and corner brackets.
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Figure 71: Low-carbon Steel Sheet
This sheet metal shown in Figure 71 is an economical selection since the sheet metal is
not load bearing.

Figure 72: Tubing Connector
This tubing connector shown in Figure 72 is used to supply the compressed air. The
mechanical alignment system has a threaded hole where this connector will mount (noted on
drawings).
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The mechanical alignment parts are summarized in Table 5:
Table 5: Mechanical Alignment Parts
Mechanical Alignment
Parts
Description
Corner Machine Bracket Mounting bracket
Corner Bracket
2-D funnel corner bracket
Mounting bracket for conveyor
Mounting Rod Bracket
guide mounting rod
5" Mounting Rod
5" conveyor guide mounting rod
15" Mounting Rod
15" conveyor guide mounting rod
Conveyor Guide
Incoming bottle guide
3/8" Screw
3/8" screw (pack of 25)
1/4" Screw
1/4" screw (pack of 25)
3/8" Nut
3/8" nut (pack of 100)
1/4" Nut
1/4" nut (pack of 50)
Low-Carbon Steel Sheet Sheet metal for original parts
Connects compressed air to
Tubing Connector
system

Qty.
6
2

Type
part
part

Link
McMaster-Carr
McMaster-Carr

4
2
2
2
1
1
1
1
3

part
part
part
part
pack
pack
pack
pack
part

McMaster-Carr
McMaster-Carr
McMaster-Carr
McMaster-Carr
McMaster-Carr
McMaster-Carr
McMaster-Carr
McMaster-Carr
McMaster-Carr

1

part

Piab

Drawings of the 3-D models were made in SOLIDWORKS for the bottle alignment
system. The drawings were made according to internal drawing standards used by The Clorox
Company. The drawings have been approved by The Clorox Company engineering team. The
following drawings were made:
●
●
●
●
●
●

Mechanical Alignment System (exploded view with all parts)
Mechanical Alignment Ramp
Mechanical Alignment Incoming Funnel
Mechanical Alignment Outgoing Design A
Mechanical Alignment Outgoing Design B
Mechanical Alignment Stop

These drawings can be found in the Additional Files section of the KSU Digital
Commons page for this report. Smaller versions of these drawings can also be found in
Appendix D.

6.4: End Effector Type
For this project, three end effector types were researched as described in the literature
review: finger grippers, suction cup grippers, and universal grippers. Figure 73 has some visual
examples of these designs.
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(a)

(b)

(c)

Figure 73: Examples of a Finger Gripper (a)37, a Suction Cup Gripper (b)38, and a
Universal Gripper (c)39
A decision matrix was used to decide between these three types of grippers (universal,
finger, and suction cup grippers). The inputs of this decision matrix (Table 6) were approved by
The Clorox Company.40
Table 6: Decision Matrix for the End Effector Interface Mechanism
Concept Alternatives
Finger Gripper
Criteria
Fast Grip and
Release Speed
Ease of
Manufacturing
Low Maintenance
High Reliability
Total

37

Importance
Weight
Rating

Weighted
Rating

Suction Gripper
Rating

Weighted
Rating

Universal Gripper
Rating

Weighted
Rating

35%

3

1.05

4

1.4

4

1.4

10%
20%
35%
100%

4
2
5
N/A

0.4
0.4
1.75
3.6

3
4
5
N/A

0.3
0.8
1.75
4.25

5
4
2
N/A

0.5
0.8
0.7
3.4

"2-Finger Adaptive Robot Gripper." https://canonicalrobots.com/en/end-effectors/2009/2-fingeradaptive-robot-gripper-detail
38 "End Of Arm Tooling (EOAT) – Piab USA." Piab Vacuum Solutions. https://www.piab.com/enUS/products/end-of-arm-tooling-eoat/
39 "Modern Applications News – Metalworking Ideas For Today's Job Shop." MAN.
https://www.modernapplicationsnews.com/cms/man/opens/article-viewman.php?nid=2&bid=381&et=productspotlight&pn=04
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Based on this analysis, the decision was made to design a suction cup gripper for this
project. This decision was approved by the Clorox mechanical engineering team.40

6.5: End Effector Base Plate
The suction cups will be attached to the robotic arm using a 3-D printed polymer
baseplate. There are two major design choices that need to be made:
●
●

How many suction cups does the end effector need?
How should the suction cups be oriented relative to the bottles?

Because the bottles have low mass, the suction cups will be selected so that one suction
cup will be able to lift and hold the bottles. However, the Clorox mechanical engineering team
has advised that one suction cup can become unstable, necessitating the use of two suction
cups that are centered on a line collinear with the forces acting on the bottle.16 However,
because the motion of the bottles is curvilinear, there are two possible ways to resolve this:

Figure 74: Suction Cup Configuration A
Figure 74 shows configuration A, where the suction cups are aligned with the vertical
axis of the bottle. The resultant force is not collinear with the suction cups.

40

Pablo Bassi, Sara Benson, Ryan Lynn, The Clorox Company
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Figure 75: Suction Cup Configuration B
Figure 75 shows configuration B, where the suction cups are aligned with the horizontal
axis of the bottle. The resultant force is also not collinear with the suction cups.
Note that if one suction cup had been found to be sufficient, then the suction cup
configuration would have been configuration A, but with only one suction cup.
Because the resultant force is not collinear with any axis of the bottle, the suction cups
will not be aligned with the resultant force. Because the base plate is easily 3-D-printed, the
Clorox mechanical engineering team advised the KSU team to test both suction cup
configurations.16 This decision has led to the following two end effector base plate designs:
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Figure 76: Base Plate A

Figure 77: Top View of Base Plate A
Figure 76 and Figure 77 show the base plate designed for suction cup configuration A
(Figure 74). It was designed to hold two suction cups and mount onto the Kawasaki FS30L
robotic arm.
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Figure 78: Base Plate B

Figure 79: Top View of Base Plate B
Figure 78 and Figure 79 show the base plate designed for suction cup configuration B
(Figure 75). It was designed to hold two suction cups and mount onto the Kawasaki FS30L
robotic arm.
The primary difference between base plates is that base plate B is designed to
accommodate the curvature of the bottles, while base plate A is not. Also note that base plate A
is capable of utilizing only one suction cup.
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In summary, there are three possible base plate and suction cup designs:
●
●
●

A single suction cup using suction cup configuration and base plate A
Two suction cups using suction cup configuration and base plate A
Two suction cups using suction cup configuration and base plate B

The Clorox mechanical engineering team expressed interest in seeing tests of all three
configurations, so all three were tested.16 Because additive manufacturing of polymers is a
relatively inexpensive process, both base plates will be printed and tested. All other parts are
going to be secured using non-permanent means to allow the team to test all three
configurations without purchasing duplicate hardware.
Base plate A was printed. The first print (25% infill) is shown below in Figure 80:

Figure 80: Base Plate A Printed
Upon installation, two issues with this print were discovered: the holes were not large
enough and the plate did not provide enough clearance to fully rotate. The complete geometry
of the robotic arm was not considered when creating the design. These modifications were
incorporated into updated versions of base plates A and B:
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Figure 81: Updated Base Plate A

Figure 82: Top View of Updated Base Plate A
Figure 81 and Figure 82 show the updated base plate designed for suction cup
configuration A (Figure 74). It has been updated to correct the design flaws illustrated by the
initial design.
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Figure 83: Updated Base Plate B

Figure 84: Top View of Updated Base Plate B
Figure 83 and Figure 84 show the updated base plate designed for suction cup
configuration B (Figure 75). It has been updated to correct the design flaws illustrated by the
initial design.
These updated base plates were printed (25% infill). Then the end effectors were
assembled and tested. The results of these tests are described in section 6.8.
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The decision to 3-D print these designs was done for several reasons. 3-D printing
allows for cheap and quick prototyping, as Kennesaw State University has 3-D printers readily
available for use by students. Additionally, making this material out of a polymer implements a
fail-safe. If the robotic arm were to collide with another piece of equipment, the end effector is a
relatively cheap piece to replace as opposed to a robotic arm or a conveyor belt.

6.6: Suction Cups
Two suction cup alternatives were selected from the Piab catalogue referenced below:
the B15-2 suction cup and the D15-2 suction cup. Figure 85 illustrates these two suction cup
models.

(a)

(b)

Figure 85: Piab B15-2 Suction Cup (a)41 and Piab D15-2 Suction Cup (b)42
The B15-2 suction cup was selected based on the recommendation of the Clorox
mechanical engineering team. The bellow geometry gives the cup the ability to account for slight
inconsistencies in geometry.16 The D15-2 is the suction cup recommended for curved surfaces
by the Piab suction cup selection guide.15 Silicone was the material selected for its ductility.16 At
the request of the Clorox mechanical engineering team, both of these suction cups will be
purchased and tested to find the optimum solution.16 These suction cups also satisfy the
requirements of the rigid body dynamics analysis. Details of this analysis can be found in
Appendix D.

"Suction Cups, 3250037S, B15-2 – Piab." Piab Vacuum Solutions.
https://www.piab.com/Products/suction-cups/application/plastic-injection-molded-parts/b---bellows-5-150mm/3250037s/#specs
42 "Suction Cups, 3150010S, D15-2 – Piab." Piab Vacuum Solutions.
https://www.piab.com/Products/suction-cups/shape/deep/d---deep-15-50-mm/3150010s/#specs
41
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Once the robotic arm routines had been determined, the different suction cups were then
tested. This will be done by testing a set number of bottles and determining which suction cup
provides the highest success rate.

6.7: Other End Effector Parts
The following miscellaneous parts were selected for the end effector:

Figure 86: Level Compensator
This level compensator shown in Figure 86 was selected because it has the same M5
connections as the selected suction cups. It also is spring loaded so if the robotic arm moves
too far, it will retract and maintain the suction cup’s connection with the bottle.

Figure 87: Tubing Connector
This tubing connector shown in Figure 87 was selected because it has the same M5
connection as the level compensator at the 6mm OD tubing connection as the robotic arm.
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Additionally, selecting the suction cups, level compensator, and tubing connector all from a
single manufacturer (Piab) decreases shipping costs. Note that this is the same tubing
connector used for the mechanical alignment system. The same part has been selected to
reduce the number of unique spare parts needed.

Figure 88: Pneumatic Tubing
This 6mm OD pneumatic tubing shown in Figure 88 was selected because it is the same
diameter of tubing used by the robotic arm in the lab.

Figure 89: I-MPVG-T-85H Vacuum Pump
This vacuum generator shown in Figure 89 was selected because it has the same 6mm
OD connections as the robotic arm in the lab. The inline connection design does not require any
external mounting hardware, which decreases the overall complexity of the end effector. This
pump is rated at up to 5.0 bar of pressure, which is sufficient for this application.
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Figure 90: M8 Bolts
These M8X1.25 bolts shown in Figure 90 were selected because they fit the mounting
hardware on the robotic arm. The length was selected to not exceed the maximum thread length
specified in the robotic arm supporting documentation. The thickness of the base plate was also
considered when selecting the size. These bolts were also easily accessible from a local home
improvement store, so if the bolts were not effective, they could be easily replaced.
The end effector parts are summarized in the following table:
Table 7: End Effector Parts
End Effector
Parts

Qty.

Type

Link

4

part

Piab

D15-2 Suction
Cup

D profile suction cups (first choice)

B15-2 Suction
Cup

B profile suction cups (alternative
in case D profile is ineffective)

4

part

Piab

Level
Compensator

Mounting suction cups to 3-D
printed baseplate

2

part

Piab

Tubing
Connector

Connects level compensator to
system

2

part

Piab

Pneumatic
Tubing

Pneumatic tubing for system
(comes in 20 meter units)

1

unit

Piab

2

part

Vaccon

3

bags

Home
Depot

I-MPVG-T-85H
Vacuum Pump
M8 Bolts
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Description

Vacuum generator
Bolts for mounting base plate to
robotic arm

6.8: End Effector Testing and Conclusions
Table 8 summarizes all the different possible combinations of end effector configurations
and suction cup types.
Table 8: Complete List of End Effector Configurations
Base Plate
Configuration
A
A
A
A
B
B

Suction
Cup
B15-2
B15-2
D15-2
D15-2
B15-2
D15-2

Number of Suction
Cups
2
1
2
1
2
2

Figure 91 is the assembled version of the end effector that was used for testing. It
utilizes the selected parts described in 6.7: Other End Effector Parts. The base plate was
printed using 3-D printers available in the Maker Space provided by Kennesaw State University.

Figure 91: An End Effector with Base Plate A and Two B15-2 Suction Cups
Figure 92 is the assembled version of the end effector that was used for testing. It
utilizes the selected parts described in 6.7: Other End Effector Parts. The base plate was
printed using 3-D printers available in the Maker Space provided by Kennesaw State University.
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It was identical to the end effector used in Figure 92 except it only had one suction cup
connected to the compressed air.

Figure 92: An End Effector with Base Plate A and One B15-2 Suction Cups
Figure 93 is the assembled version of the end effector that was used for testing. It
utilizes the selected parts described in 6.7: Other End Effector Parts. The base plate was
printed using 3-D printers available in the Maker Space provided by Kennesaw State University.
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Figure 93: An End Effector with Base Plate B and Two B15-2 Suction Cups
Each of these configurations was tested with the B15-2 and D15-2 suction cups. The
following test was done on each of the six possible end effector configurations:
●
●

The end effector was used to pick up and place twenty-five 43 oz bottles using the
robotic routines developed by Peter Jacobs.
The number of bottles successfully processed was recorded. A success rate measure of
goodness was determined with the following equation:
Success Rate =

Successes
Total Bottles Processed

Table 9 describes the results of this testing.
Table 9: Complete List of End Effector Configurations with Testing Data
Base Plate
Configuration
A
A
A
A
B
B

Suction
Cup
B15-2
B15-2
D15-2
D15-2
B15-2
D15-2

Number of Suction
Cups
2
1
2
1
2
2

Total Bottles
Processed
25
25
25
25
25
25

Successes
25
0
19
0
25
20

Success
Rate
100%
0%
76%
0%
100%
80%

The following observations were made of the performance of the end effectors:
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●

●

●

The single suction cup model was capable of lifting the bottle and holding the bottle at
any angle, but the quick acceleration of the robotic arm caused the bottle to swing
heavily, which caused the bottles to disconnect from the suction cup. This is what
caused these end effectors to have a 0% success rate. The two suction cup models did
not have this issue because the other suction cup provided stability. For this reason, the
single suction cup designs are not recommended for this project.
The D15-2 suction cup was not as effective at grasping the bottles as the B15-2 suction
cup. The D15-2 suction cup could grasp the bottles, but it required a lower tolerance of
the bottle orientation. While the mechanical alignment system is designed to provide a
precise and accurate bottle position, the Kennesaw State University team recommends
the use of the B15-2 suction cup.
Both base plates A and B with two B15-2 suction cups had a 100% success rate. Peter
Jacobs has recommended the use of base plate A because the actual motion of the
bottles is in line with the suction cups in base plate A. This minimizes the swinging of the
bottle due to the robot’s movements. Section 6.5’s analysis of the bottles’ motion was
done before the actual routines of the robot had been determined. Therefore, the
Kennesaw State University team recommends the use of base plate A with two B15-2
suction cups. However, if the routines of the robot selected for use by the Clorox
company has different routines, base plate B with two B15-2 is also considered a viable
design.

3-D models and drawings of the models were made in SOLIDWORKS for the end
effector. The drawings were made according to internal drawing standards used by The Clorox
Company. The drawings have been approved by The Clorox Company engineering team. The
following drawings were made:
●
●
●
●

End Effector Plate A
End Effector Design A (exploded view with suction cups, connections, etc)
End Effector Plate B
End Effector Design B (exploded view with suction cups, connections, etc)

These drawings can be found in the Additional Files section of the KSU Digital
Commons page for this report. Smaller versions of these drawings can also be found in
Appendix D.
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Chapter 7: Bill of Materials
Table 10: Bill of Materials
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Table 10: Bill of Materials describes the parts needed for a solution at the Clorox plant in
Chile, not the lab conditions at Kennesaw State University. The major purchases for the robotic
cell are the robot and the conveyors. The controls hardware is not incredibly expensive.
Additional hardware and sensors are not very costly. Note that is only the material costs,
installation and commissioning costs are not included here.
The machine vision method implemented was relatively inexpensive, with the Jetson
Nano being the most expensive part, at only $110. The monitor, keyboard and mouse make
editing and debugging the code easy and fast, but the project could have been done without
them by simply connecting to the Jetson through an SSH connection.
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Chapter 8: Economic Analysis
The economic analysis examines three possible solutions for this problem: the current
solution of manually placing bottles, a Posimat as described in the literature review, and the new
Blipper design. The following tables break down the initial and annual costs of each alternative.
Information for the Posimat and manual placement solutions were provided by The Clorox
Company engineering team.7 All estimations (hours of work required, cost of work, etc.) have
been reviewed and approved by the The Clorox Company engineering team.7
Table 11: Cost Analysis of the Current Manual Placement System
Manual Placement
Initial Cost
Worker Cost (per worker per month)
Workers Required
Total Worker Cost (per month)
Total Worker Cost (per year)
Maintenance Cost (per year)
Total Initial Cost
Total Annual Cost

$0
$1,400
4
$5,600
$67,200
$0
$0
$67,200

For the manual placement solution (Table 11), there is no initial cost because that is the
current system in place. However, the annual cost of employing workers is high.
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Table 12: Cost analysis of a Posimat System
Posimat
Initial Cost (including
startup support)
Estimated Installation Hours
Installation Cost (per hour)
Total Installation Cost
Power Consumption (kW)
Power Cost (per kWh)
Power Cost (per hour)
Annual Hours (hour per year)
Power Cost (per year)
Maintenance (hour per year)
Maintenance Cost (per hour)
Maintenance Cost (per
year)
Total Initial Cost
Total Annual Cost

$287,000
300
$100
$30,000
4.6
$0.10
$0.46
5000
$2,300
30
$100
$3,000
$317,000
$5,300

For the Posimat (Table 12), the major cost is the initial cost of purchasing and setting up
a Posimat industrial bottle sorter. After that initial cost, the annual cost of running the machine is
relatively low.
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Table 13: Cost Analysis of the Blipper System
Blipper
KSU Project Budget
KSU Administrative Budget
Estimated Equipment Cost
Estimated Installation Hours
Installation Cost (per hour)
Total Installation Cost
Power Consumption (kW)
Power Cost (per kWh)
Power Cost (per hour)
Annual Hours (hour per year)
Power Cost (per year)
Maintenance (hour per year)
Maintenance Cost (per hour)
Maintenance Cost (per year)
Total Initial Cost
Total Annual Cost

$2,000
$3,000
$90,000
300
$100
$30,000
2.2
$0.10
$0.22
5000
$1,100
30
$100
$3,000
$125,000
$4,100

For the Blipper (Table 13), the initial cost is much lower than that of the Posimat. This
factors in the cost of contracting Kennesaw State University to supply an engineering team as
well as the estimated cost of the robotic arm and other materials (the robotic arm being the
dominant factor in initial costs). It also has power consumption costs lower than that of the
Posimat system. This was done assuming the Kuka KR 6 robotic arm is selected.
The initial an annual cost of each system was used to calculate a present value that can
be used to compare the overall costs of each system over a five-year period (Table 14):
Table 14: Present Value Cost of Each System

Initial Cost

Present Value Analysis
Manual Placement
Posimat
Blipper
$0
$317,000
$125,000

Annual Cost
Present Value (5%
interest rate for 5
years)

$67,200

$5,300

$4,100

$290,940.83

$339,946.23

$142,750.85

In order to determine if the two alternative solutions (Posimat and Blipper) are viable
designs, the payback period needed to recover the initial cost of these solutions was calculated
using the following formula:
payback period =
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initial cost of system
net annual savings over manual placement

Table 15: Payback Period Analysis

Initial Cost
Annual Cost

Payback Period Analysis
Posimat
Blipper
$317,000
$125,000
$5,300
$4,100

Annual Savings Over
Manual Placement

$67,200

$67,200

Net Annual Savings Over
Manual Placement

$61,900

$63,100

Payback Period (years)

5.12

1.98

Based on this analysis (Table 15), it is the opinion of KSU Engineering team that the
Blipper project is an economically viable project. This analysis does not factor in costs required
by Clorox to ensure that the design is completely ready for implementation. However, because
the Blipper project has the lowest present value cost of each system as well as a short payback
period, the Blipper solution is still recommended by the KSU Engineering team.
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Chapter 9: Results
9.1: Results and Discussions
To review, the design objectives are as follows:
Primary goals:
●
●
●
●

Place and orient empty bottles on the outgoing conveyor.
60 BPM (bottles per minute) for 43 oz. sized bottles.
80 BPM for 24 oz. sized bottles.
5’ X 5’ system footprint.

Stretch goals:
●
●
●
●

The system can identify and reject damaged bottles or incorrectly sized bottles (i.e. if the
machine is in 24 oz. bottle mode it will reject a 43 oz bottle.
Placing rejected bottles in a designated area.
120 BPM for 43 oz. bottles.
160 BPM for 24 oz. bottles.

At the end of the two semesters, the KSU team created a working proof of concept that
accurately and precisely oriented 24oz and 43oz bottles on an outbound conveyor. With the
limitations of using a Kawasaki FS30L robotic arm, the fastest cycle time the team was able to
achieve was 3.7 seconds. Unfortunately, this does not meet the metrics required by Clorox. This
shortcoming was proved and communicated to Clorox early in the project and they encouraged
the team to continue with developing the system as a more suitable robot arm would be used for
application in the production plant.
The footprint of the whole system is 8’ x 6’. The size is mainly due to the fact that the
robotic arm and the outbound conveyor are fixed in place and cannot be moved closer to each
other. The outbound conveyor was built for another senior design project a few years ago and is
repurposed for this project. The layout of having a robot arm sitting in the crook of the two
conveyors would satisfy the 5’ x 5’ footprint requirement. Especially any of the smaller arms
discussed in Chapter 4.1 were used. Mounting the robot arm(s) on a gantry above the
conveyors would reduce the size even further.
The team successfully programed the system to differentiate between the two bottle
types and easily configure between processing one type while rejecting the other into a
designated bin.

9.1.1 Robotic Cell Results
The development of the robotic cell was limited to the constraints of the preexisting
equipment in the lab. The KSU system works at a 100% success rate if the inbound bottle flow
does not exceed 16BPM for either bottle type. Again, this limitation is due to the fact that the
FS30L is not designed for this level of speed. Despite the constraints, the KSU team developed
a solution that can extrapolate to industrial application if Clorox uses the robotic arms they had
quoted out to them.
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Communication between the Jetson Nano, PLC, robot controller, and HMI is consistent
and reliable. The different subsystems integrate together seamlessly and work in unison to meet
all of the design requirements achievable in the lab space.

9.1.2 Machine Vision Results
The machine vision was a great learning experience, because of the complexity of
solving a problem such as this, as well as no one on the team having previous experience with
machine vision. The decision to create our own machine vision system, as opposed to an offthe-shelf Object Recognition Sensor, was made early on. Several image processing techniques
were attempted before finally deciding to go with Nvidia’s object detection neural network.
Once the neural network was trained, the majority of effort was spent on getting signals
from the Jetson Nano to flow smoothly to the PLC. As discussed earlier, this involved using a
set of relays to increase the GPIO signals from the Jetson Nano to 24V. After significant trial
and error, the wiring and circuitry for the overall system was finalized and resulted in a clean,
bug-free interface.

9.1.3 Mechanical Alignment and End Effector Results
The mechanical alignment systems were able to successfully process bottles at the
specified rates specified by The Clorox Company engineering team (60 BPM for 43 oz bottles
and 80 BPM for 24 oz bottles). This alignment system greatly reduced the computational load
put on the machine vision system.
The end effector design process yielded an end effector that is robust and effective for
the given application. The use of 3-D printed plates allows different designs to be easily tested
and evaluated. There were two designs that provided satisfactory performance. One has been
selected based on the laboratory conditions used by the Kennesaw State University team, but
the other design may be better depending on the specific dynamics of the robotic arm selected
by The Clorox Company.

9.1.4 Economic Analysis
The economic analysis has indicated that this system could result in large cost savings
for The Clorox Company over other alternatives. Therefore, it is the opinion of the Kennesaw
State University team that this project is worth further exploration for its potential to provide an
effective solution at a reduced cost.

9.2: Conclusions
The KSU Team was able to successfully design and implement a working prototype
bottle sorter system. The system uses a combination of custom mechanical alignment as well
as machine vision based on machine learning to orient the bottles uniformly about one axis and
then send this direction data to the PLC. The PLC then sends signals to the robot controller to
execute the appropriate routine to correctly pick up and rotate the incoming bottle. The system
also includes an HMI for the system controls, as well as the system metrics. Users can also
choose between the two bottle modes, and the robot will automatically reject incorrect bottles
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that are of a different type. Adjusting the mechanical alignment guards to switch between both
bottle modes is quick and simple.
The KSU Team also researched alternatives to some of the components in the system,
to provide the best possible solution to Clorox. Here are the final recommendations:
Robotics
• Minimizing the distance between the pick up and drop off points on the conveyors both
reduces cycle time and the wear on the robotic arm. The Kennesaw State University
team recommends configuring the conveyors in either a “L” shape with the arm sitting in
the crook (Figure 20) or side by side with the arm mounted directly above (Figure 14).
• Delta robots are more costly than cartesian robotics, but the price may or may not be
justifiable depending on the demand of the system. If Clorox can match the throughput
of a delta arm-based system to the sale of the product then the price can be justified. If
the goal is to simply relocate labor, then a slower cartesian robot can accomplish that at
a fraction of the price.
Machine Vision
• Although not tested by the KSU Team, the O2D220 Object Recognition Sensor from IFM
seems like the best option because it requires little programming setup and is designed
and tested for industrial applications
Mechanical Alignment and End Effector
• The mechanical alignment system has been designed for the conditions in the lab
provided by The Clorox Company and Kennesaw State University. The mechanical
alignment system performs as required. The mounting hardware of the design will need
to be modified before the design in implemented by The Clorox Company.
• The end effector design yielded two effective end effector designs. Design A was most
effective for the conditions in the lab provided by The Clorox Company and Kennesaw
State University. Depending on the specific kinematics of the robot arm selected by The
Clorox Company, Design B may be a better solution. Additionally, the mounting
hardware of the design will need to be modified before the design in implemented by
The Clorox Company.
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Appendix C
Reflections
Some of the major lessons learned from this project were effective time management
and coordination between team members. Flexibility was also a large contributor to the success
of the project, as there were times when one member of the team was called upon to research
or design something that was not strictly in his discipline. We also learned that starting early is
better, and that getting as much research and design done as possible in the first phase of the
project is very important. Having to spend time doing additional research in the middle or near
the end of the project is more time consuming and leads to delays in implementing the final
solution. Preforming comprehensive literature reviews and researching alternative designs also
minimizes rework and streamlines the design.
From a robotics point of view, scheduling should have been emphasized more. A lot of
the work came to a head during the last five weeks and some of it could have been handled
earlier on in the semester. The team learned a valuable lesson that there are times to “shoot the
engineer” or pursue the simplest solution as “analysis paralysis” and over-engineering the relay
circuit caused a delay in the schedule.
On the machine vision, initiative to start testing the AI sooner would have resulted in
completing sooner and less stress towards the end of the semester. Several other methods
were tested and achieved limited results before training and testing the AI. Not only did this
method work the best and the fastest, but it was also the simplest in the end. Coordination
between team members was great and it was easy to get help when it was needed.
Mechanically, many lessons in rapid prototyping were learned. For the alignment
systems, the corrugated plastic allowed for many designs to be tested quickly and at a low cost.
Additionally, small adjustments could be made to the designs to thoroughly determine if the
designs were effective or not. For the end effector design, 3-D printing allowed for different base
plate configurations to be quickly tested. When the first print was found to be ineffective, the
design was adjusted and a new part was printed in just a few hours, which prevented the project
progress from being delayed.
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Appendix D
Supporting Details/Documentation
Rigid Body Dynamics Analysis
Idealizing the curvilinear motion as planar motion of a particle creates the following
acceleration of the particle as shown in Figure 94:13

Figure 94: Acceleration diagram of the curvilinear motion
These radial and tangential accelerations are created by the robotic arm acting on the
bottle. These forces create the following free body diagram of the bottle shown in Figure 95:
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Figure 95: Free body diagram of the bottle
This is the free body diagram used to create Figure 74 and Figure 75.
Total Required Vertical Lifting Force (for picking up the bottles):13
𝐹 = m ⋅ (g + a) ⋅ (FOS) = (3.69e − 3 slugs) ⋅ (32.2 ft ∕ s 2 + 8.58 ft ∕ s 2 ) ⋅ (1.5) = 0.225 𝑙𝑏𝑓
F = total necessary lifting force provided by the suction cups
m = mass of heaviest bottle
g = gravitational constant
a = acceleration provided by the robotic arm (estimated from Fig. 2)
FOS = factor of safety
A safety factor of 1.5 has been added to the analysis.
Total Required Horizontal Lifting Force (for holding the bottles upright):13
𝐹 = m ⋅ (g) ⋅ (FOS) = (3.69e − 3 slugs) ⋅ (32.2 ft ∕ s 2 ) ⋅ (1.5) = 0.178 𝑙𝑏𝑓
F = total necessary lifting force provided by the suction cups
m = mass of heaviest bottle
g = gravitational constant
FOS = factor of safety
A safety factor of 1.5 has been added to the analysis.
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The suction cups supplier recommended by the Clorox engineering team, Piab Vacuum
Solutions, provides available lifting force data for the suction cups. The Kennesaw State
University team initially planned to perform a computational finite element analysis (FEA) on the
suction cups. However, the Clorox team has expressed that FEA simulations are often
inaccurate for the soft polymers used for suction cups, and that the Piab products should
perform as expected.8 Therefore, a FEA simulation will not be performed on the suction cups.
There were two potential suction cups selected for this analysis: the Piab B15-2 and the Piab
D15-2. The rated force capabilities of the two cups are listed below (Table 16):4142
Table 16: Rated performance of selected suction cups

Suction Cup

Rated Vertical
Force (6 inHg)

Rated Horizontal
Force (6 inHg)

Required
Vertical Force

Required
Horizontal Force

Piab B15-2

0.65 lbf

0.38 lbf

0.225 lbf

0.178 lbf

Piab D15-2

0.65 lbf

0.63 lbf

0.225 lbf

0.178 lbf

From this analysis, it is the opinion of the Kennesaw State University team that either of
these suction cups can provide adequate horizontal and vertical forces necessary for this
project.

Robotic Arm Speed Analysis
Another test was performed on the Kawasaki FS30L robotic arm to figure out if it is fast
enough to reach the desired processing speed. A general sequence of movements to process a
bottle was programmed into the arm. This sequence consisted of a “gripping” phase, a
“traveling” phase, and a “releasing” phase. Then, the cartesian coordinates of the end of the
robotic wrist relative to the base of the robot was tracked for several iterations of the
programmed sequence. The z-axis position was plotted against time:
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Figure 96: Height of the end effector over time
The graph produced shows how much time is spent in every phase of the sequence.
The gripping phase consists of 24% of the total cycle time, the traveling phase takes 58% of the
total cycle time, and the releasing phase takes up 18% of the total cycle time. Even though the
total cycle time is an estimate because the sequence isn’t precise, this shows that the max
processing speed is limited greatly by the speed of the robot arm.
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Mechanical Drawings
Figure 97 through Figure 107 are the mechanical drawings created for the mechanical
alignment system and the end effector. Details of the design process can be found in Chapter 6:
Bottle Alignment & End Effector.

Figure 97: Base plate A drawing
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Figure 98: Base plate B drawing

Figure 99: Base plate A exploded view
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Figure 100: Base plate B exploded view

Figure 101: Incoming alignment system exploded view
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Figure 102: Alignment ramp drawing

Figure 103: Alignment funnel drawing
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Figure 104: Alignment guard drawing

Figure 105: Guide stop drawing
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Figure 106: Outgoing alignment design A drawing

Figure 107: Outgoing alignment design B drawing
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Figure 108: Raspberry Pi camera mount drawing

Figure 109: Photo-Eye mounting bracket drawing
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Figure 110: 8020 Camera mount sleeve drawing
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Appendix E
PLC Code and HMI Layout
The first three networks allow Jetson signals to be sent from the PLC to the robot
controller. System_Online is the enable bit for the entire system. All major functions require this
bit to be on to send any signals to the HMI or PLC. Network 4 acts as a latch for
System_Online. Start, Stop, and Reset are all controlled from the HMI (Figure 111).

Figure 111: Networks 1-4
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Network 5 counts the number of 24oz bottles successfully processed. That is, any bottle
that triggers the photoeye on the outbound conveyor. A filter is added to prevent false triggers
from the PLC. This filter works by extending the signal from the photoeye to be 1 second long. If
multiple detections are made less than one second apart then the system will only trigger once.
The counter is reset when the Control Reset button is pressed on the HMI.

Figure 112: Network 5
Network 6 features an accumulator that counts the number of 24oz bottles that pass
through the photoeye mounted on the inbound conveyor. It then subtracts the number of
successfully processed bottles from that total to calculate the number of rejected bottles.
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Figure 113: Network 6
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Networks 7 and 8 functions the same as Networks 5 and 6, but just for 43oz bottles.

Figure 114: Network 7
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Figure 115: Network 8
Network 9 handles the enable pin and how it interfaces with the robotic controller. Bit
%I.4 triggers whenever the Raspberry Pi camera detects a bottle. If the system is enabled on
the PLC level, a bottle is detected, and the inbound photoeye is triggered then the robot will
enable. In order for a routine to be run, the robot needs the other two signals sent from networks
10 and 11 which pass the values of the detected bottle direction and type respectively. Network
11 compares the bottle type mode that the HMI is set at to the bottle type that the Jetson Nano
is reading in from the camera. If the values do not match then a “reject” routine will run.
Otherwise, the bottle types match and will be unscrambled properly.
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Figure 116: Networks 9-11
The HMI, or Human-Machine Interface, is the front-end interface between an operator
and the robotic cell. It controls the bits that enable disable the system. It also displays system
metrics for the number of bottles processed.
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Figure 117: HMI Interface
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Appendix F
Jetson Nano Code
#
#
#
#
#

This is an bottle detection system for use by the Clorox sponsored project at KSU,
nicknamed Blipper (Bottle Flipper). Output GPIO signals are sent from the
Jetson Nano to the PLC controlling the robotic arm.
Object detection code by NVIDIA, edited and expanded for this project by
Preston Delaware. April 15, 2021

import jetson.inference
import jetson.utils
import Jetson.GPIO as GPIO
# define constants for object detection
L24 = 1
L43 = 2
R24 = 3
R43 = 4
# GPIO pin definitions
detectEnable = 8
# Pin 24 BCM pin 8 [white wire]
bottleType = 18
# Pin 12, BCM pin 18 [blue wire]
directionOutput = 20 # Pin 38, BCM pin 20 [purple wire]
# Pin Setup:
GPIO.setmode(GPIO.BCM)
# set pin as an output pin with optional initial state of LOW
GPIO.setup(detectEnable, GPIO.OUT, initial=GPIO.LOW)
GPIO.setup(directionOutput, GPIO.OUT, initial=GPIO.LOW)
GPIO.setup(bottleType, GPIO.OUT, initial=GPIO.LOW)
############################
# output code is as follows
# if detectEnable == 1:
#
0 - Left-facing
#
1 - Right-facing
# if detectEnable == 0:
#
do nothing
#
# bottleType designation
#
1 = 24 oz
#
0 = 43 oz
############################
# load the object detection model
net = jetson.inference.detectNet(argv=['--model=jetsoninference/python/training/detection/ssd/models/bottles/ssd-mobilenet.onnx', '-labels=jetson-inference/python/training/detection/ssd/models/bottles/labels.txt', '-input-blob=input_0', '--output-cvg=scores', '--output-bbox=boxes', '--threshold=0.8'])
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# set up camera
camera = jetson.utils.videoSource("csi://0")

# '/dev/video0'

# set up display for output to screen
display = jetson.utils.videoOutput("display://0")
detectL24Count
detectL43Count
detectR24Count
detectR43Count
noDetectionCount
detectionCount
maxCount
lastDetection

= 0
= 0
= 0
= 0
= 0
= 0
= 5
= 0

while display.IsStreaming():
frame = camera.Capture()
detection = net.Detect(frame)
detection variable

# create variables for stability

# empty variable for now
# while display window is open
# take incoming video frame
# detect objects in the frame and save to

display.Render(frame)
# show the frame
display.SetStatus("Object Detection | Network {:.0f}
FPS".format(net.GetNetworkFPS())) # show FPS of camera
print(detection) # for debugging
# if L24 bottle detected for several frames in a row
if detectL24Count >= maxCount:
detectL24Count = 0
# send Left facing signal
GPIO.output(directionOutput, GPIO.HIGH)
# send 24oz signal
GPIO.output(bottleType, GPIO.HIGH)
# if L43 bottle detected for several frames in a row
if detectL43Count >= maxCount:
detectL43Count = 0
# send Left facing signal
GPIO.output(directionOutput, GPIO.HIGH)
# send 43oz signal
GPIO.output(bottleType, GPIO.LOW)
# if R24 bottle detected for several frames in a row
if detectR24Count >= maxCount:
detectR24Count = 0
# send Right facing signal
GPIO.output(directionOutput, GPIO.LOW)
# send 24oz signal
GPIO.output(bottleType, GPIO.HIGH)
# if R43 bottle detected for several frames in a row
if detectR43Count >= maxCount:
detectR43Count = 0
# send Right facing signal
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GPIO.output(directionOutput, GPIO.LOW)
# send 43oz signal
GPIO.output(bottleType, GPIO.LOW)
# if no bottle detected after several frames...
if noDetectionCount >= maxCount:
noDetectionCount = 0
detectL24Count = 0
detectL43Count = 0
detectR24Count = 0
detectR43Count = 0
GPIO.output(detectEnable, GPIO.LOW)
GPIO.output(directionOutput, GPIO.LOW)
GPIO.output(bottleType, GPIO.LOW)

# turn off all signals

# if we have detected an object for several frames...
if detectionCount >= maxCount:
detectionCount = 0
GPIO.output(detectEnable, GPIO.HIGH)
# detectEnable = 1, tell
robot to pay attention
# if detection empty (nothing detected)
if detection == []:
noDetectionCount += 1

# increment count

# if an object was detected
if detection != []:
detectionCount += 1
# increment count
# if inconsistent detections
if detection[0].ClassID != lastDetection:
detectL24Count = 0
# reset all counts
to zero
detectL43Count = 0
detectR24Count = 0
detectR43Count = 0
if detection[0].ClassID == L24: # if ClassID = left 24oz
detectL24Count += 1
# increment count
if detection[0].ClassID == L43: # if ClassID = left 43oz
detectL43Count += 1
# increment count
if detection[0].ClassID == R24: # if ClassID = right 24oz
detectR24Count += 1
# increment count
if detection[0].ClassID == R43: # if ClassID = right 43oz
detectR43Count += 1
# increment count
lastDetection = detection[0].ClassID
# save the current
detection
# end while loop
GPIO.output(detectEnable, GPIO.LOW) # turn off all pins when exiting program
GPIO.output(directionOutput, GPIO.LOW)
GPIO.output(bottleType, GPIO.LOW)
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Appendix G
Major Contributors by Chapter
Table 17: Major Contributors by Chapter
Chapter or Other Heading
Executive Summary
Chapter 1: Overview
Chapter 2: Literature Review
Chapter 3: Engineering Design Plan
Chapter 4: Robotics and Lab Setup
Chapter 5: Machine Vision
Chapter 6: Bottle Alignment & End Effector
Chapter 7: Bill of Materials
Chapter 8: Economic Analysis
Chapter 9: Results
Appendix A
Appendix B
Appendix C
Appendix D
Appendix E
Appendix F
Appendix G

Major Contributor(s)
Preston Delaware
Peter Jacobs, Ryan Foster
Preston Delaware, Peter Jacobs, Ryan Foster
Preston Delaware, Peter Jacobs
Peter Jacobs
Preston Delaware
Ryan Foster
Preston Delaware, Peter Jacobs, Ryan Foster
Ryan Foster
Preston Delaware, Peter Jacobs, Ryan Foster
Peter Jacobs, Ryan Foster
Preston Delaware, Peter Jacobs, Ryan Foster
Preston Delaware, Peter Jacobs, Ryan Foster
Peter Jacobs, Ryan Foster
Peter Jacobs
Preston Delaware
Ryan Foster

Note: the FDR rubric specified up to two contributors for each section. However, due to the
interdisciplinary nature of this project, several chapters and Appendices had major contributions
from all three team members.
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Technical Contributions of Each KSU Team Member
Table 18: Technical Contributions of Each KSU Team Member
Team Member
Peter Jacobs

Technical Contributions
•
•
•
•
•

Preston Delaware

•
•
•

Ryan Foster

•
•
•
•
•
•
•

130

Setting up lab space at KSU
Ordering parts needed for system
Safety measures in lab space at KSU
Communication among all system
components
Project coordination between KSU
and Clorox teams

Selection of best machine vision
system for project
Development of machine vision
system
Assisted in communications between
systems

Design, fabrication, and testing of end
effector.
Selection of end effector parts from
vendors specified by Clorox team.
Creation of technical drawings of end
effector designs.
Physical modeling of mechanical
alignment systems.
Design of permanent solution for
mechanical alignment systems.
Selection of mechanical alignment
parts from vendors specified by
Clorox team.
Creation of technical drawings of
mechanical alignment designs.

